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Abstract
Anthropogenic perturbations including habitat loss and emerging disease are changing pollinator 
communities and generating novel selection pressures on plant populations. Disruption of plant–
pollinator relationships is predicted to cause plant mating system evolution, although this process 
has not been directly observed. This study demonstrates the immediate evolutionary effects of 
pollinator loss within experimental populations of a predominately outcrossing wildflower. 
Initially equivalent populations evolved for five generations within two pollination treatments: 
abundant bumblebee pollinators versus no pollinators. The populations without pollinators 
suffered greatly reduced fitness in early generations but rebounded as they evolved an improved 
ability to self-fertilize. All populations diverged in floral, developmental, and life-history traits, but 
only a subset of characters showed clear association with pollination treatment. Pronounced 
treatment effects were noted for anther–stigma separation and autogamous seed set. Dramatic 
allele frequency changes at two chromosomal polymorphisms occurred in the no pollinator 
populations, explaining a large fraction of divergence in pollen viability. The pattern of phenotypic 
and genetic changes in this experiment favors a sequential model for the evolution of the multitrait 
“selfing syndrome” observed throughout angiosperms.
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Approximately 180,000 flowering plant species rely on pollinators, including at least 100 
agricultural species (Committee on the Status of Pollinators in North America 2007). A 
variety of human disturbances, including climate change, habitat fragmentation, and the 
introduction of invasive species are disrupting plant–pollinator relationships (Memmott et al. 
2007; Hegland et al. 2009). One consequence is that plants receive less outcross pollen in 
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ecological effects of pollinator limitation are starting to receive proper attention, the 
evolutionary consequences of pollinator declines remain understudied.
The reproductive assurance hypothesis posits that pollinator limitation will cause plant 
populations to evolve increased rates of self-fertilization (Baker 1967; Kalisz et al. 2004). 
Indeed, the transition from cross-pollination to self-pollination has occurred many times in 
the history of angiosperms and is associated with changes in floral biology, life history, and 
ecology (Grant 1949; Ornduff 1969). Highly selfing plant taxa routinely have reduced 
flowers, less vegetative mass, reduced anther–stigma separation (herkogamy), and develop 
more rapidly than closely related outcrossing taxa. This constellation of features is 
commonly called the “selfing syndrome” (Ornduff 1969). It remains unclear if the traits of 
the selfing syndrome evolve simultaneously or in a piecemeal fashion during the transition 
from outcrossing to selfing. Some features of the syndrome may evolve subsequent to 
mating system change. For example, smaller flowers may evolve within selfing populations, 
not because reduced corolla area is necessary for self-fertilization, but simply because the 
investment in corolla tissue is unnecessary after a population has become predominantly 
selfing.
The Mimulus guttatus species complex exhibits the syndrome in a number of highly selfing 
lineages thought to be recently derived from outcrossing ancestors. Mimulus guttatus (2n = 
28; Phrymaceae), the most common member of the complex, is a self-compatible, 
hermaphroditic plant with extensive variation in morphology and life history (Wu et al. 
2008). It exhibits multiple adaptations for pollination by bees, including a wide, showy 
corolla with a landing platform and a touch-sensitive stigma. Previous studies of M. guttatus 
have demonstrated heritable variation for a variety of mating system related traits including 
rate of development, corolla width and length, style width and length, anther length, ovary 
size, ovary and pollen number, amount of red pigmentation on the corolla, and autogamous 
seed set (Carr and Fenster 1994; Robertson et al. 1994; Kelly and Arathi 2003; van Kleunen 
and Ritland 2004; Scoville et al. 2009).
Numerous evolutionary lineages derived from M. guttatus (or a guttatus-like ancestor) are 
highly selfing: M. nasutus, M. laciniatus, M. pardalis, M. longulus, M. clementinus, M. 
micranthus, M. platycalyx, and M. cupriphilus (Grant 1924; Vickery 1978; Macnair et al. 
1989; Ritland and Ritland 1989; Sweigart and Willis 2003). Mimulus nasutus (2n = 28) is 
perhaps the most widespread of the selfing taxa and differs dramatically from M. guttatus in 
floral morphology and other mating system characters (Fig. 1A). Mimulus nasutus corollas 
are greatly reduced relative to M. guttatus, often cleistogamous. Mimulus nasutus also 
exhibits reduced anther–stigma separation and produces less pollen per flower, but has larger 
leaves than M. guttatus. As expected, autogamous seed set is more than 10-fold greater in M. 
nasutus than M. guttatus (Fishman et al. 2002). Reduced flower size and reduced anther–
stigma separation are common traits to the various selfing species in the complex including 
M. platycalyx (Ritland and Ritland 1989; Dole 1992), M. micranthus (Carr and Fenster 
1994; Carr and Dudash 1996), and M. cupriphilus (Macnair 1989; Macnair and Cumbes 
1989).
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Although taxonomic data provide clear expectations regarding the traits that are likely to 
evolve with increased selfing, the expected pace of change is difficult to predict. How often 
do outcrossing populations harbor sufficient genetic variation in autogamy, the ability to set 
seed by selfing, to allow a rapid evolutionary response to environmental change? The rate 
that increased autogamy evolves is critical because pollinator decline will likely cause 
negative population growth and could ultimately lead to extinction. The likelihood of 
“evolutionary rescue”—wherein adaptation prevents extinction (Lynch and Lande 1993; 
Gomulkiewicz and Holt 1995)—depends on the nature of genetic variation in traits that are 
essential to survival and reproduction under the novel environmental condition.
Gomulkiewicz et al. (2010) recently analyzed a number of genetic models and conclude that 
genes with large phenotypic effects can facilitate rescue. Studies of M. guttatus have 
demonstrated a contribution of major chromosomal polymorphisms to variation in 
pollination-related traits. The “Meiotic Drive” Locus on linkage group 11 (alternative alleles 
D/d) exhibits segregation distortion through female meiosis (Fishman and Saunders 2008), 
but also has phenotypic effects on pollen viability, floral development rate, and anther–
stigma separation (Scoville et al. 2009). The drive-allele (D) is maintained at 30–40% in the 
Iron Mountain population (Fishman and Saunders 2008), which is the source of plants used 
in the present experiment. The “LG6 Inversion” is a polymorphic inversion (C/c) with 
phenotypic effects on pollen and development traits (Lee 2009; Scoville et al. 2009). Floral 
traits are also affected by the inversion, but the estimated effects are heterogeneous among 
different mapping crosses (Scoville et al. 2009).
Here, we describe an experimental evolution study documenting immediate evolutionary 
changes following pollinator loss. We measure changes in the means and genetic variances 
of a series of quantitative traits and in allele frequencies at the two major chromosomal 
polymorphisms. These data are used to address the following questions: (1) What are the 
fitness consequences of pollinator loss? (2) Can a population of short-lived plants evolve 
rapidly in response to pollinator loss? (3) If so, what traits evolve? (4) Are major 
polymorphisms critical to mating system evolution? (5) Do genetic variances change on the 
same time scale as trait means with a shift in mating system?
Materials and Methods
THE POLLINATORS
Bumblebees (genus Bombus, family Apidae) may be the most important native pollinators 
for North American Mimulus species. Bombus fervidus, B. griseocollis, and B. impatiens 
are frequent visitors of M. ringens (Mitchell et al. 2004), as is B. vosnesenski of M. lewisii 
(Schemske and Bradshaw 1999). Mimulus guttatus, the plant investigated here, is visited by 
many other Bombus species over its natural range. Recorded visits to Californian 
populations by Bombus include B. balteatus, B. biarius, B. californicus, B. centralis, B. 
occidentalis, B. flavifrons, and B. vosnesenskii (Thorp et al. 1983; Macnair et al. 1989; 
USDA-ARS 2006). Populations at Iron Mountain, Oregon, the source of plants in this 
experiment, receive visits by B. edwardsii, B. mixtus, and B. melanopygus (Arathi and Kelly 
2004; B. edwardsii was recently recognized as a subspecies of B. melanopygus, occurring 
sympatrically in this region [Owen et al. 2010]). However, M. guttatus is not exclusively 
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pollinated by Bombus. In Yosemite National Park (U.S.A.), M. guttatus is visited by mining 
bees (Andrenidae), sweat bees (Halictidae), and mason bees and allies (Megachilidae, 
USDA-ARS 2006). Frequent visitation by Osmia bucephala (Megachilidae) has been 
documented in the Oregon population at Dexter reservoir (Kelly and Willis 2002), and the 
introduced European honey bee, Apis mellifera, is now a frequent visitor to lower elevation 
populations of M. guttatus (Macnair et al. 1989; Martin 2004; Ivey and Carr 2005). 
Admittedly, studies documenting field visitation of flowers do not prove effective transfer of 
outcross pollen. However, the diversity of visitors to M. guttatus, as well as the morphology 
of the flowers (Fig. 1), strongly suggests that M. guttatus is not specifically adapted to any 
single pollinating species.
We used B. impatiens as the experimental pollinator in our treatments. In part, this is a 
practical choice because colonies of B. impatiens are commercially available. Bombus 
impatiens occurs across eastern North America and thus does not pollinate Oregon 
populations of M. guttatus. However, it is closely related to western Bombus species 
(Cameron et al. 2007) and is intermediate in size to the documented visitors at Iron 
Mountain. B. impatiens worker bees are 8.5–16 mm long, smaller on average than B. 
melanopygus but larger than B. mixtus (Franklin 1912). More importantly, both greenhouse 
and field studies have demonstrated that Bombus species are very effective pollinators of M. 
guttatus, regardless of whether a particular bumblebee species is from the location from 
which the plants are sampled (see Robertson et al. 1999; Arathi and Kelly 2004).
THE PLANTS
As a starting point for experimental evolution, we synthesized a large outbred source 
population of genotypes derived from a single natural population. The source was created by 
randomly intercrossing plants from three distinct F2 populations. Each F2 was derived from 
crossing a large flowered genotype to a small flowered genotype. These parentals were 
sampled from the high and low selected populations of an artificial selection experiment on 
corolla width (Kelly 2008; Lee 2009). Source genotypes are all derived from a single natural 
population located on Iron Mountain in Oregon (Willis 1993; Arathi and Kelly 2004). 
Although the selfing rate is highly variable among M. guttatus populations (Ritland and 
Ganders 1987; Awadalla and Ritland 1997; Sweigart et al. 1999), Iron Mountain is primarily 
outcrossing (Willis 1993, 1996, 1999a, b). Source seed was distributed into two 
experimental treatment groups each containing two replicate populations: “No Bee” 
treatment populations (A1, A2) and “Bee” treatment populations (B1, B2). Each population 
consisted of four boxes with approximately 200 plants per box. Boxes did not create 
subdivision within populations. Gene flow occurred across boxes within each population and 
seed was randomly dispersed among boxes when sown for the next generation. In 
Generation 1, each box was sown with 20 mg of source seed, but sowing density of 
subsequent generations was adjusted as necessary to maintain optimal adult density (∼200/
box) within flats.
THE TREATMENTS
In each generation, for a total of five generations, seeds were grown to flowering plants 
following the same protocol. No Bee populations (A1, A2) were maintained in a pollinator-
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free greenhouse. Plants could reproduce only by selfing, or perhaps by physical contact with 
flowers of neighboring plants. Bee treatment populations (B1, B2) were grown in the same 
greenhouse except for two weeks during their flowering period. During this interval, Bee 
populations were rotated into a distinct greenhouse containing bumblebees (B. impatiens). 
We obtained colonies of approximately 30 bees from Koppert Biological Systems for each 
generation of the experiment. Replicates remained with the bees over two-day rotations for 
the duration of two weeks. As in previous experiments using Koppert bumblebee hives 
(Arathi and Kelly 2004), we observed that bees typically visited >10 flowers per foraging 
run and that most flowers were visited multiple times during a rotation. Replicate 
populations were kept separate, and bees isolated within their hive between rotations to 
prevent gene flow between B1 and B2. Six weeks after setting seed to soil, all populations 
were transported to a growth room allowing the plants to senesce. Fruits were collected as 
they matured. We counted the number of reproductive plants per population and bulked seed 
to sow the next generation.
BREEDING DESIGN
In December of 2008, progeny of Generation 5 were grown simultaneously with source 
plants without selection. In this Generation 6, 245 seedlings were sampled from each 
population with half randomly assigned as dams and the other half as sires. Floral 
measurements were taken on the first two flowers produced at anthesis, including corolla 
width, throat width, tube length, and anther–stigma separation (Fig. 1B). Floral 
measurements were averaged over both flowers, giving mean per-plant values. In addition, 
the maximum width of the largest vegetative leaf was recorded upon anthesis of the second 
flower. A pollen sample was collected from all individuals upon anthesis of a third flower 
and the number of viable and inviable pollen grains was estimated using a Coulter Counter 
Model Z1 dual (Kelly et al. 2002; Kelly and Arathi 2003). After measurements were 
completed, each sire was randomly paired with one dam within a population and hand-
pollinated. This produced between 91 and 103 fully outbred families per population (Family 
numbers: A1 = 102, A2 = 91, B1 = 103, B2 = 103, Source = 99). Finally, leaf tissue was 
collected from each sire/dam individual for subsequent DNA extraction and genotyping.
The progeny of these crosses, three individuals per family (n = 1,494 total for Generation 7), 
were grown in two cohorts. Days to flower and the morphological measurements of 
Generation 6 were taken on each plant. The ability to set seed by self-fertilizing was 
evaluated by collecting seed produced from an unmanipulated fourth flower (no pollination). 
The inclusion of Generation 6 between the last generation of selection (Generation 5) and 
measurement of response (Generation 7) served two purposes. First, the random mating of 
Generation 6 adults allowed meaningful comparisons of trait mean values in Generation 7. 
Genotyping of Generation 6 plants (described below) confirmed that individuals within the 
No Bee and Bee populations were inbred to differing extents. Random mating of adults from 
Generation 6 produced outbred progeny within each population. Given that inbreeding 
directly changes means for these traits without selection (Holeski and Kelly 2006), outbred 
plants are necessary for meaningful comparisons of trait divergence across populations. 
Second, the controlled crosses generate a family structure for Generation 7 allowing us to 
estimate the genetic and environmental variance of each trait for each population.
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To quantify genetic changes associated with mating system evolution, each individual of 
Generation 6 was scored at four putatively neutral gene-based markers (MgSTS_461, 
MgSTS_755, MgSTS_523, and MgSTS_641) and two previously mapped chromosomal 
polymorphisms. The length polymorphic marker HB5 was used as an indicator of the 
genotype at the meiotic drive polymorphism (D/d): the 277 base pairs (bp) length allele was 
scored as the derived allele, D, whereas all other allele lengths were scored as the ancestral 
allele, d. The derived inversion haplotype, C, was identified by a combination of alleles at 
two marker loci: allele length 240 bp at MgSTS_431 and allele length 201 bp at 
MgSTS_229. All other combinations were scored c (ancestral). DNA was extracted using 
our standard procedure (Marriage et al. 2009) followed by amplification using touchdown 
PCR (Hall and Willis 2005). All primer sequences can be accessed at 
www.mimulusevolution.org.
ANALYSIS
To determine if there was significant divergence among populations in the continuously 
distributed traits of Generation 7, we used one factor ANOVAs with Tukey–Kramer posthoc 
tests. We also applied a two-level ANOVA to each of these traits with population (random) 
nested within pollination treatment (fixed). “Self seed”—the raw count of seeds produced 
via autogamy of the fourth flower—was highly right skewed with many zeros. For this 
response variable, we applied an overdispersed Poisson model with the log link function. 
Another autogamy variable, ln self seed, is the natural logarithm of [seed count +1], a 
variable considered in several analyses (e.g., Figs. 3 and 5). Population and treatment effect 
analyses were performed using JMP 8© and Minitab 14©.
The phenotypic effects of the two chromosomal polymorphisms on Generation 6 source 
plants were estimated using one-way ANOVA (Table S4). We denote the effect on 
phenotype of having one or two derived alleles as e1 and e2, respectively. The contribution 
of each chromosomal polymorphism to the outbred mean of a population was estimated as Z 
= 2×q×(1 − q) × e1 + q2 × e2, where q is the population frequency of the derived allele 
(Table 1). The predicted divergence between source and evolved population (A1, A2, B1, 
B2) trait means caused by allele frequency change at the chromosomal polymorphism is the 
difference in Z between populations.
The mean inbreeding coefficient (F) of each population was estimated from genotypic data 
(Generation 6 plants) at the length polymorphic markers MgSTS_461, MgSTS_755, 
MgSTS_523, and MgSTS_641. We used the moment estimator for F of Lynch and Ritland 
(1999) calculated by the program COANCESTRY (Wang 2011; http://www.zsl.org/science/
research/software). The F estimates were subsequently used to estimate the additive genetic 
variance (VA) and environmental variance (VE) associated with measured traits in 
Generation 7. Assuming additive genetic inheritance, the predicted covariance of full-
siblings is (1 + F) VA (Harris 1964). We used maximum likelihood to estimate variance 
components, first assuming a single VA and VE across populations (Model I). We then fit a 
more elaborate model allowing VA to differ among populations (Model II). Finally, we 
allowed population-specific values for both VA and VE (Model III). All models contained 
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six fixed effects: trait means for each population (A1, A2, B1, B2, and Source) and a cohort 
effect (the difference in means between cohorts due to environmental effects). We compare 
Models (II to I and III to II) on a trait-to-trait basis using likelihood ratio tests. There are 
four more parameters in Model II than Model I and four more in Model III than Model II, 
giving a critical value for each test of 9.49. These tests are likely conservative given that 
variances are bounded to nonnegative values (Self and Liang 1987). The computer programs 
to execute these calculations were simplified from previous C programs (Kelly 2003, 2008; 
Kelly and Arathi 2003) and the code is available upon request.
Results
PHENOTYPIC EVOLUTION
Mean fecundity within the Bee populations remained high over the five generations of 
pollination (Fig. 2). Per capita seed production was greatly reduced in the No Bee 
populations in early generations, but improved substantially in generations 4–5. All 
measured traits differed significantly among populations in Generation 7 (Fig. 3, Table 2; 
descriptive statistics are reported for all measured traits in Generations 6 and 7 in Tables S1 
and S2). However, divergence was clearly explained by pollination treatment only for days 
to flower and production of self-fertilized seed (Table 2). Despite large differences among 
populations, flower size was not clearly associated with treatment. The joint distribution of 
anther–stigma separation and autogamous seed set across populations (Fig. 4) suggests that 
evolution in the former trait may be causally related to improvement of average plant fitness 
within the No Bee populations over time (Fig. 2).
GENETIC DIVERGENCE
All experimental populations maintained substantial allelic variation at our four putatively 
neutral markers (Table S3), although expected heterozygosity values were lowest in the No 
Bee populations. The mean inbreeding coefficient (F) was indistinguishable from zero in 
Generation 6 of the source population, which is expected given that these plants were 
generated by controlled out-crosses. F was moderate for Bee populations (F[B1] = 0.43, SE 
= 0.04; F[B2] = 0.33, SE = 0.04) and high for No Bee populations (F[A1] = 0.75, SE = 0.04; 
F[A2] = 0.73, SE = 0.03). Substantial changes in allele frequency at both chromosomal 
polymorphisms were observed within experimental populations (Table 1; LG6 Inversion: χ2 
= 137.8, df = 8, P< 0.0001; LG11 Drive locus: χ2 = 200.2, df = 8, P< 0.0001). The derived 
alleles for each (C, D) were at an intermediate frequency in the source population. C and D 
frequencies declined across experimental populations, but the reductions were substantially 
greater in the No Bee than Bee populations.
Hypothesis tests and estimates for quantitative genetic variance components (VA and VE) 
are summarized in Table 3. We cannot reject Model I (same VA and VE across all five 
populations) for average throat width (TW), average tube length (TL), or leaf width. The 
other floral dimension (average CW) does exhibit marginally significant differences in VA 
and VE across populations. The most pronounced changes in variance components were 
observed for anther–stigma separation, days to flower, ln self seed, and the pollen traits. A 
consistent increase in VA across experimental populations relative to the source population 
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is evident for anther–stigma separation and ln self seed. Figure 5 illustrates the 
correspondence between mean values for ln self seed and the estimated heritability of this 
trait (obtained from Model II) across populations.
PREDICTING PHENOTYPIC FROM GENETIC DIVERGENCE
In the source plants of Generation 6, the Inversion had significant effects on leaf width, 
anther–stigma separation, and pollen viability, whereas the Drive locus affected only pollen 
viability and ln total pollen (Table S4). Using these point estimates for effects on anther–
stigma separation and pollen viability, our allele frequency estimates within populations A1, 
A2, B1, and B2 predict the amount of phenotypic change due to changes at the Inversion and 
Drive loci. Selection against C and D alleles appeared to explain a large fraction of pollen 
viability evolution (Fig. 3D), as well as an incremental contribution to differences in anther–
stigma separation (Fig. 3C).
Discussion
Populations subjected to novel environmental stress are likely to have reduced reproductive 
success. If the stress is severe, populations may be driven extinct. However, theoretical 
(Lynch and Lande 1993; Gomulkiewicz and Holt 1995) and empirical (Bell and Gonzalez 
2009) work has shown that populations with sufficient genetic variation may evolve rapidly 
enough to overcome extinction. The evolutionary rescue model predicts an initial population 
decline following environmental change, succeeded by an exponential increase of adapted 
genotypes. Our No Bee populations effectively experienced an immediate environmental 
change in that a population adapted to outcrossing was denied pollinators. Mean fitness 
declined precipitously in the first two generations, but rebounded as selfing-efficient 
genotypes increased in frequency. The resulting population trajectories are thus consistent 
with evolutionary rescue (Fig. 2).
Environmental conditions were not sufficiently harsh in the present experiment to provide a 
full test of the evolutionary rescue model. This is because pollinator loss did not cause 
negative population growth. Even in the first few generations, the No Bee populations were 
adequately fecund to seed the next generation at prescribed levels (absolute fitness > 1). 
Natural populations face harsher physical conditions and the potentially reinforcing effects 
of demographic stochasticity and inbreeding depression. Thus, in the field, pollinator loss 
would likely cause negative population growth. Additionally, although increased selfing may 
be advantageous in the short term, this shift in mating system could prove detrimental in the 
long run. Elevated inbreeding has myriad consequences, including alteration of the 
distribution of genetic variation within populations, the balance between mutation and 
selection, the effective population size, gene flow, and metapopulation dynamics (Lande and 
Schemske 1985; Charlesworth 2003). Reduced genetic diversity may limit further adaptive 
evolution within a population and perhaps increase the likelihood of extinction (Stebbins 
1957; Igic et al. 2008).
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The observed changes in the No Bee populations (A1 and A2) provide clear support for the 
reproductive assurance hypothesis— pollinator absence generated strong selection for traits 
that facilitate selfing. Across experimental populations, selfed seed set was strongly 
correlated with reduced anther–stigma separation (Fig. 4); consistent with field results 
showing positive selection for reduced anther–stigma separation under pollen-limiting 
conditions (Fishman and Willis 2008). An unexpected outcome is that our Bee populations 
also evolved an increased capacity for selfing (Figs. 3–5). Mean inbreeding coefficients at 
neutral markers are consistent with a selfing rate of approximately 0.5 in B1 and B2 (Table 
S3). In part, selection for selfing may be due to the fact that our two-week pollination 
interval is nested within the flowering interval. Flowers that open before the arrival of bees, 
or after their departure, can only set seed by selfing or through physical contact between 
flowers of neighboring plants.
Bumblebees moving pollen from one flower to another on the same plant (geitonogamy) is 
likely a major cause of selfing in the Bee populations. We routinely observed intraplant 
visitation in the foraging runs of bumblebees. Unlike the differences in selfed seed set 
produced by Generation 7 plants, geitonogamy is not clearly an evolved response of the Bee 
populations. Instead, it is an incidental effect of plants producing multiple flowers at the 
same time. An alternative hypothesis for frequent selfing in the Bee populations is that 
bumblebees were ineffective pollinators, but multiple lines of evidence speak against this 
explanation. Per capita seed set was uniformly high in the Bee populations, even in the first 
few generations when these populations had limited capacity for autogamy (Fig. 2). Second, 
previous experiments have shown that recurrent visitation of M. guttatus by B. impatiens 
yields seed set comparable to saturating hand-pollination (see Fig. 2 of Arathi and Kelly 
2004). In principle, visitation could induce selfing if a foraging bee carries pollen from 
anthers to stigma within a flower. However, M. guttatus has a touch-sensitive stigma in 
which the pollen receiving surface quickly closes after first contact of the pollinator. This 
limits the opportunity for induced selfing. Direct evidence for infrequent induced selfing 
comes from a different set of experiments in which we measured seed set from the first eight 
flowers (each on a different plant) visited by a bee on a foraging run (Julius P. Mojica, 
unpubl. data). Bees were not carrying pollen at the beginning of a run and none of the 
flowers had been previously visited. Thus, any seed from the first flowers visited should be 
due to selfing. An average 0.125 seeds were set by first flowers (SE = 0.125). In contrast, the 
average seed produced by flowers 3–8 of a foraging run was 29.8 (SE = 4.4). This striking 
difference in seed counts suggests that B. impatiens is an effective pollinator in this 
experimental system.
Although geitonogamy is likely a major contributor to the high selfing rate of Bee 
populations (marker data from Generation 6), it does not explain the increased capacity for 
within-flower selfing (phenotypic measurements of Generation 7; Fig. 5). Other 
environmental features of our experiment may have favored elevated autogamy in our Bee 
populations. The automatic transmission advantage associated with selfing (Fisher 1941) 
implies that high inbreeding depression (ID) is necessary to maintain outcrossing even if 
pollination is not limiting (Lloyd 1979; Charlesworth and Charlesworth 1987). The Iron 
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Mountain population does exhibit high ID (Willis 1993; Kelly 2003), but the severity of ID 
is environmentally dependent (Carr and Dudash 1996; Armbruster and Reed 2005) and may 
be less severe under the growth conditions of this study. Also, our populations were evolving 
with greatly reduced temporal variation in environmental conditions relative to the field. One 
of the major consequences and potential advantages of outcrossing is the production of 
genetically variable progeny. Any advantage associated with variable progeny would likely 
be diminished in our experiment and might even have been a disadvantage.
The rapid changes in traits observed under our selection regime provide a useful contrast to 
the observed phenotypic divergence between M. guttatus and closely related but selfing 
species such as M. nasutus (Fig. 1A), M. micranthus, and M. cupriphilus. Our No Bee 
populations evolved toward the “selfing phenotype” in some traits, but not others. As in the 
selfing species, anther–stigma separation decreased and self seed increased. However, 
corolla size was not substantially reduced in No Bee populations relative to Bee populations. 
Days to flower evolved opposite to the syndrome. Bee populations progress to flowering 
faster than No Bee populations (Table S1), on average within two days of when bumblebees 
first became available during each generation. These observations suggest that the evolution 
of selfing can occur in a sequential fashion, with change in some traits preceding others. The 
first steps may be the recruitment of standing genetic variation for traits key to reproductive 
assurance such as self seed production. Reduction in flower size may follow as secondary 
evolutionary response.
Fenster and Ritland (1994) suggested that pollinator limitation may have been responsible 
for the evolution of the selfing taxa M. laciniatus and M. micranthus and our results indicate 
the plausibility of this selective mechanism. However, Macnair and Cumbes (1989) 
proposed that selfing in M. cupriphilus evolved subsequent to colonization of copper mine 
tailings as a means to reduce maladaptive gene flow. Also, the selfing taxa in the complex 
tend to occupy relatively drier habitats than M. guttatus (e.g., Macnair et al. 1989; Kiang and 
Hamrick 1978) so edaphic adaptation might provide an alternative route for the evolution of 
selfing (see Macnair and Gardner 1999). Levin (2010) has recently argued that colonization 
of novel habitat may itself cause increased self-fertilization via plastic responses in traits 
such as anther–stigma separation. In our experiment, physical conditions were constant and 
changes in mating system were genetically based and not due to plasticity. However, the 
experimental evolution methodology could be adapted to constant pollination with variable 
edaphic conditions and thus employed to investigate these alternative scenarios.
MAJOR POLYMORPHISMS AND THE GENETIC BASIS OF DIVERGENCE
Large allele frequency changes occurred at both the LG 6 Inversion and the LG 11 Meiotic 
Drive Locus (Table 1). Previous studies had documented pronounced effects of both of these 
chromosomal polymorphisms on pollen viability; and strong but less-consistent effects on 
floral pigmentation, rate of development, and anther–stigma separation (Fishman and 
Saunders 2008; Scoville et al. 2009). In the current experiment, allele frequency changes at 
these two loci jointly explain most of the change in pollen viability (Fig. 3D). Given that a 
major goal for quantitative trait locus mapping is to understand morphological evolution at a 
genetic scale, these data provide an encouraging example. Unfortunately, we cannot 
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determine whether these loci contributed to changes in self seed because this trait was not 
measured in Generation 6.
As noted in the Introduction, major polymorphisms may be critical to evolutionary rescue 
(Gomulkiewicz et al. 2010). The Inversion and Drive Locus are polymorphisms with major 
effects, but evolution at these loci may be more a consequence of mating system evolution 
than a cause. The observed increases in pollen viability are likely due to genetic purging. 
Inbreeding increases the frequency of homozygotes relative to heterozygotes and 
homozygosity is apparently detrimental to the derived types (C and D) at each locus (Table 
S4; Fishman and Saunders 2008; Lee 2009; Scoville et al. 2009). The Driver (D) has a 
segregation advantage in female gamete formation of heterozygotes, but DD individuals 
have approximately 20% lower pollen viability. Less is known about the derived Inversion 
allele (C), but several experiments have found reduced pollen viability of CC plants. 
Homozygosity is highest in the No Bee populations, intermediate in the Bee populations, 
and lowest in the source population (Table S3).
Changes in the additive genetic variance (VA) of experimental populations also suggest a 
contribution of major polymorphisms to standing variation (Fig. 5; Table 3). If the genetic 
variance in a trait is due entirely to small contributions from many loci (the infinitesimal 
model), the variance should evolve much more slowly than the mean under directional 
selection. Changes in allele frequency at a major locus can cause VA to increase or decrease, 
depending on allele frequencies (Agrawal et al. 2001). The apparent increase in VA with 
increased ln self seed across populations (Fig. 5) suggests that alleles increasing autogamy 
may be uncommon and/or partly recessive in our source population. Selection favoring such 
alleles would have brought them to more intermediate frequencies, simultaneously 
increasing trait means and variances. Scalar epistasis is an alternative explanation for Fig. 5 
given that the source population is close to the lowest possible value for the trait (zero seed 
set). Interpretation is more straightforward for pollen viability given the direct measurements 
of causal loci (the Driver and the Inversion). Here, selection drove C and D from 
intermediate frequencies to relative rarity (Table 1) which is likely the major cause for the 
striking reductions in VA for pollen viability in A1, A2, and B1 relative to the source 
population.
CAVEATS
Our experimental populations were founded by genotypes from a single natural population 
and our propagation methods were devised based on results from studies of that original 
population. For example, microsatellite loci exhibit minimal spatial structure over the Iron 
Mountain site (Sweigart et al. 1999), and for this reason, we randomly mixed seed within 
populations between generations. However, plant populations routinely exhibit small-scale 
structure owing to limited seed dispersal (Levin 1988), including other populations of M. 
guttatus (Ritland and Ganders 1987). In this situation, transfer of pollen between 
neighboring plants results in biparental inbreeding. Biparental inbreeding was excluded by 
design from this experiment, but could be an important factor in mating system evolution 
more generally (Uyenoyama et al. 1993).
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Perhaps the most important issue, at least with regard to the generality of our results, is the 
amount and pattern of genetic variation for mating-system related traits. There are two 
reasons that the current experiment may underestimate the response to selection following 
pollinator loss. The first is that Iron Mountain contains only a fraction of the genetic 
variation present in M. guttatus, a species distributed broadly across the western United 
States. Although the population is a natural unit for investigations of microevolution, 
response at the meta-population level might be greater if pollinator loss occurs on a broad 
geographic scale. Also, other populations of M. guttatus may actually have a greater initial 
capacity for response to selection for increased selfing. Iron Mountain is a highly 
outcrossing population (Willis 1993) and the additive genetic variance in autogamy might be 
higher in populations with higher average selfing rates (e.g., Awadalla and Ritland 1997).
A second reason that we may be underestimating response is that our founding population 
contained only a subset of the genetic variation resident to Iron Mountain. All variation in 
the source population is due to segregation of heterozygosity from three F1 plants (see 
Methods). The sampling effect on our source population can be directly evaluated from the 
variance component estimates in Table 3. The estimated heritability of corolla width is 0.38 
for the source population, exactly the value obtained from a large half-sibling/full-sibling 
breeding design (see Control population estimates from Table 3 of Kelly 2008). Source 
heritability estimates for anther–stigma separation, days to flower, and pollen number are 
lower than in the background population. The notable exception is pollen viability, where the 
source population heritability (0.45) is about twice the estimate for the entire population (see 
Table 3 of Scoville et al. 2009). This can be largely explained by the fact that the Inversion 
and Drive polymorphisms, each with large effects on pollen viability, have more 
intermediate allele frequencies in our source than in the background population. Here, we 
note that the variance component estimates of Table 3 were obtained from outbred plants 
(Generation 7) created through controlled crosses (Generation 6). As a consequence, 
differences in genetic variances can be attributed to differences in allele frequencies. 
However, the estimates of Table 3 do not capture the effects of inbreeding on genetic 
variation owing to deviations from Hardy–Weinberg equilibrium or interlocus associations. 
These associations likely affected response to selection, but were eliminated or at least 
diminished by the breeding design of Generations 6 and 7.
SUMMARY
The extent of phenotypic changes evident after only five generations indicates that rapid 
adaptation is possible if a population loses pollinators. Self-compatible, pollinator-reliant 
plants experiencing mounting human-induced environmental stress might adapt rapidly in 
the short term. However, the resulting decrease in genetic diversity may leave them 
vulnerable to extinction with further environmental alterations. We found that a substantial 
fraction of phenotypic change could be explained by large changes in allele frequency at two 
chromosomal polymorphisms; an intriguing observation in light of recent theoretical work 
on evolutionary rescue. The increase of genetic variance along with mean trait expression of 
self fecundity is consistent with a scenario in which rare alleles in the source population 
increased in frequency as populations evolved increased selfing. Finally, our results favor a 
sequential model for the evolution of the selfing syndrome. Traits essential to increasing 
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selfing efficiency (e.g., anther–stigma separation) evolve first, followed by evolution of other 
characters (e.g., flower size) subsequent to mating system change.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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(A) Trait differences between outcrossing and selfing Mimulus congeners—anterior 
perspective of flowers from M. guttatus (left) and M. nasutus (right). (B) Diagram of floral 
measurements. Mimulus guttatus flower, dorsal view, with upper corolla removed to show 
reproductive structures. Floral measures reported in study depicted with brackets.
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Population fitness over five generations of evolution. Per capita seed production (mg) for 
each population and generation calculated by dividing bulked seed collected from each 
population by the number of adult plants. As a consequence, standard errors could not be 
estimated.
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Character divergence and chromosomal polymorphism effects. Population trait means 
(Generation 7) are given for (A) corolla width, (B) self seed, (C) anther–stigma separation, 
and (D) pollen viability after five generations of selection for the No Bee (A1, A2), Bee (B1, 
B2), and source populations. Means sharing letters above bars are not significantly different 
from one another (Tukey–Kramer posthoc). Error bars are ± 1 SEM. In panels (C, D), the 
predicted effects of the two chromosomal polymorphisms are depicted with arrows for each 
population (direction and magnitude of trait change expected given the allele frequency 
difference from the source population). Values at arrow origins are predicted units of trait 
change. Panel (C) includes only the Inversion whereas (D) is combined effects of Inversion 
and Drive on pollen viability.
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Bivariate plot of the negative relationship between mean anther–stigma separation and mean 
self seed by experimental population for Generation 7. Error bars are ± 1 SEM.
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Mean autogamy positively covaries with heritability for this trait in Generation 7 plants. 
Error bars are ± 1 SEM.
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